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Abstract—An electrically small, load-bearing Egyptian axe 
dipole (EAD) antenna has been sewn into a low loss, pure quartz 
glass composite material to investigate its performance. Previous 
investigations of embroidered Egyptian axe dipole antennas 
indicated that the dielectric losses of the associated epoxy-based 
composite, in conjunction with the high effective surface 
resistance of the conductive textile threads, significantly degrade 
their performance. Simulations of the EAD antenna using a 
composite sandwich structure based on an advanced embroidery 
technique and the much lower loss quartz fabric have shown that 
a realized gain of 0.9 dBi is possible, a dramatic improvement 
over previous realizations.   
Keywords— Composite structures , electrically small antennas, 
glass fiber reinforced polymer, metamaterial-inspired 
I.  INTRODUCTION 
The recent popularity of embroidered textiles circuits and 
sensors has led to the development of novel wearable devices 
[1-5]. Wearable textiles have found a unique home in 
biomedical, health and sensory applications [1-5]. The 
transition of these simple digital or DC circuits to microwave 
devices (such as antennas) has been less successful from a 
performance perspective. This is due to the high losses 
associated with commercial conductive threads and the 
dimensional variability of a textile substrate [6]. Investigations 
of conformal composite antennas have been used to mitigate 
the dimensional variability seen in wearable textiles by 
encapsulating RF devices (such as antennas) in an epoxy resin 
[7]. Extending this further, the development of conformal load-
bearing antenna structures (CLAS) provides a unique 
opportunity to incorporate conductive textiles into load-bearing 
structures [8]. To realize truly conformal CLAS, embroidery 
techniques are employed to create the appropriate conductive 
patterns. The structural capacity of the substrate can be 
increased by using a class of compose materials called pre-
pregs. These pre-pregs consist of a fiber matrix such as glass, 
Kevlar or carbon fiber which are pre-impregnated with a 
precision amount of toughened resin to achieve the best 
possible fiber-volume fraction [9]. For electrical devices the 
choice of pre-preg is restricted to Kevlar or glass as they are 
both dielectric materials.  
The implementation of embroidered CLAS can be 
enhanced by utilizing electrically small antennas (ESAs). ESA-
based CLAS are well adapted to unmanned aerial systems 
(UAS) due to their small size. One of the drawbacks with 
ESAs, however, is the traditional tradeoff in their bandwidth 
and gain performances with the associated decrease in size. 
Nonetheless, their bandwidths can be enhanced significantly by 
augmenting them with active elements, such as negative 
impedance converters (NIC) [10], to control their input 
impedances. In addition to these fundamental limitations of 
ESAs, their radiation efficiency performance is highly 
dependent on the use of low loss substrates. In particular, 
because the electromagnetic fields they generate are highly 
concentrated along and around their conductors, the 
performance characteristics of ESAs are sensitive to the use of 
lossy materials to construct them. This makes them less 
attractive as an embroidered antenna as there are also further 
losses incurred from the conductive threads [8]. The realization 
of a functional ESA antenna using embroidery techniques 
poses numerous challenges. 
This paper provides an investigation of an alternative 
structural sandwich composite panel incorporating an 
electrically small, near-field resonant parasitic (NFRP) 
Egyptian axe dipole (EAD) topology [11]. Dielectric and 
conductive losses have been mitigated by combining an 
advanced embroidery technique with a low loss pure quartz 
fabric (Astro-Quartz II) and a low loss Cynate Ester resin (PT-
30). Both of these materials provide the lowest loss 
combination of all semi-structural composite materials certified 
for use in aerospace structures. We refer to the antenna as an 
Embroidered Egyptian Axe Dipole (EEAD) antenna. This 
work expands on previous work carried out by the authors in 
[8]. This previous work demonstrated that a NFRP EEAD 
antenna could be manufactured within a pre-preg. However, 
the dielectric and conductive losses in that work were found to 
be high, significantly decreasing its radiation efficiency. This 
paper explores the effects of conductive losses and the 
embroidery of the threads into pre-pregs for this type of ESA to 
create a much higher performance NFRP EEAD antenna. 
II. THE DEVELOPMENT OF AN NFRP EEAD ANTENNA 
All pre-preg materials consist of two material phases. These 
are a fiber phase and a host matrix phase, the latter consisting 
of a toughened resin. The advantage of a composite material 
over traditional materials, such as metals, is that they provide 
significantly higher strength to weight ratios compared to 
metals. Other benefits include good fatigue resistance and little 
thermal expansion. These attributes are also desirable for 
antenna structures. However, the fiber phase of a composite 
can consist of many different materials. Most aerospace 
structures deal with three primary materials: glass, Kevlar and 
carbon fiber. All of these fibers are typically woven into a cloth 
or fabrics which are impregnated with a toughened polymer 
resin matrix. The strength of a composite panel is highly linked 
to its fiber to resin volume fraction. The fundamental limit of 
these fractions for most typical structures is approximately 
60% fiber to 40% resin. If dry cloth is processed under a 
technique call wet layup (i.e., resin is added to dry cloth), the 
control of the volume fraction is difficult. To prevent 
variability in the manufacture of structural panels, pre-
impregnated or pre-preg materials are used to give strict control 
over the final fiber volume fraction. Pre-preg materials are 
mostly stored within a freezer to extend their shelf life, prior to 
their implementation into a structure.  
Treating pre-preg materials like any other cloth, modern 
computer controlled embroidery machines can be used to sew 
arbitrary patterns into them. From the perspective of 
developing CLAS-based systems, conductive threads can be 
sewn into pre-preg materials. This allows for a more 
streamlined manufacturing process, which can be carried out 
when incorporating these antennas into structural panels. The 
previous work by the authors [8] investigated an EEAD 
antenna sewn into a structural glass material (S-Glass) which 
was infused with a resin (HexPly 914E). This resin is an epoxy 
which has a high loss tangent (εeff = 4.265 and tan δ = 0.0194 at 
10 GHz). This antenna was designed with considerations for 
losses Simulated. The expected realized gain was approximated 
to be on the order of 0.5dBi. The measured results, however, 
showed that the realized gain was on the order of -5 dBi. As a 
result, the original loss model for the conductive thread 
(ShieldEx 100/34 dtex 2ply HC) was evaluated using 
comparative measurements of a sewn microstrip line.  
This experimental investigation demonstrated that the 
original numerical model of the resistance of the sewn lines 
was quite inaccurate. The resistance of the lines was found to 
be a much more sophisticated issue. In fact, it was recognized 
that the conductive lines are, by their very nature, highly an-
isotropic conductors. This makes their modeling and 
characterization extremely complex. By analyzing various 
different stitching properties experimentally, the effective 
conductivity of the conductive threads was found to change 
significantly. To re-investigate the performance of the original 
NFRP EEAD antenna, an updated model for the conductivity 
of the thread, which was derived from those measured results, 
has been included into the simulations to re-examine the 
behavior of the EEAD antenna reported in [8]. In particular, the 
approximate surface resistance at 300MHz was determined to 
be ~0.14 Ω/sq. 
The simulated performance characteristics of the EEAD 
antenna with this updated model are summarized in Fig. 1. As 
shown in Fig. 1a, the maximum expected realized gain is -3.25 
dBi. While this outcome is still not perfect, it nevertheless 
gives a much better representation of the expected realized gain 
results. The significant deviation from the original results 
predicted by this updated model illustrates that there is a large 
variability and complexity in modeling the effective 
conductivity of the embroidered conductive lines. The values 
of the magnitude of the reflection coefficient, |S11|, of the 
EEAD antenna model using two conductivity models of the 
thread as a function of the excitation frequency is given in Fig. 
1b. It shows a significant difference between the performance 
of the EEAD antenna when a copper fiber or the ShieledEx 
fiber are used. Finally, for comparison, the corresponding 
measured |S11| values of the original EEAD antenna are 
provided in Fig. 2 for reference.  
 The results given in Fig. 1 demonstrate that the antenna is 




Fig. 1. Simulated performance characteristics of the original EEAD antenna in 
[8] with the updated conductivity model of the threads. a) Projected 3D far-
field realized gain pattern at the resonance frequency ~0.286 GHz, and         b) 
simulated |S11| values as a function of the excitation frequency for the NFRP 
EEAD sewn with copper thread and the Shieldex thread.  
 
Fig. 2. Measured |S11| values as a function of the excitation frequency for the 
NFRP EEAD reported in [8]. 
 
 
Fig. 3. Simulated loss density associated within the HexPly 914E substrate of 
the NFRP EEAD antenna. 
is clear from the realized gain measurements that the power 
delivered to its terminals is being consumed by the dielectric 
and conductive losses in the materials. To analyze where these 
losses are occurring, a simulation of the loss density was 
carried out and is illustrated in Fig. 3. It demonstrates that the 
largest losses occur at the ends of the driven dipole element and 
at the corners and edges of the NFRP element. This is 
significant because the areas of highest loss occur at regions 
where the current must travel the furthest. These results 
confirm that the only real solution to mitigating these losses in 
the EEAD antenna is to increase the conductivity of the sewn 
thread and to reduce the dielectric losses within the substrate.  
III. LOW LOSS NFRP EEAD ANTENNA 
To combat the losses associated with the HexPly 914E 
substrate materials in [8], an advanced antenna substrate 
topology was investigated as a possible solution. Moving away 
from the original thick, single material substrate, an antenna 
design is introduced that consists of a high stiffness sandwich 
panel. Sandwich panels are commonly used on many aerospace 
structures where high stiffness and lightweight structures are 
required. An exploded view of this advanced topology is 
illustrated in Fig. 4a, while a consolidated side view of the final 
panel is illustrated in Fig 4b to emphasize it thinness. The 
structure consists of three elements. The first is the 
embroidered NFRP feed elements and the EEAD antenna. The 
high loss ShieldEx fiber was replaced with a low loss Aracon 
XS0200E-025 Kevlar coated fiber.  Under the same resistance 
measurements carried out for the ShieldEx fiber, the effective 
surface resistance of the Aracon fiber was found to be 0.02 
Ω/sq at 300MHz. Another advantage that the Aracon fiber has 
over the ShieldEx fiber is its core fiber. The ShieldEx fiber 
core is a proprietary polyamide polymer, while the Aracon 
fiber is made from high strength Kevlar. The Kevlar core of the 
Aracon fiber can deliver a positive strength addition to a 





Fig. 4. NFRP EEAD antenna to be sewn with the low loss Cynate Ester resin 
and highly conductive Aracon thread a) An exploded rendering of the CST 
model,  and b) side view of the consolidated EEAD antenna. 
 
The second element of the advanced design is the 
introduction of an alternative low loss fabric made from a pure 
quartz material called Astro-Quartz. Astro-Quartz is a high 
strength fiber which is typically used within the aerospace 
industry for creating highly transparent RF windows such as 
radomes. The resin chosen to infuse into this composite is a 
low loss Cynate Ester resin. The combined composite has a 
measured relative dielectric constant of εeff = 3.31 and a loss 
tangent equal to tan δ = 0.003 at 10 GHz. This composite has a 
significantly lower loss than the HexPly 914E composite used 
in the original prototype EEAD Antenna.  
The third and final element to help reduce the material 
losses is a foam core made from 3.0 mm of a low-loss Rohacell 
HF foam. Foams cores of this type are typically used in 
sandwich structures to reduce their weight. As indicated in Fig. 
4b, the total combined thickness of the advanced panel is 
approximately 4.2 mm.  
The simulated results of the advanced antenna structure 
were also carried out with CST Microwave Studio using the 
best available and relevant material models. The projected 3D 
far-field realized gain pattern at the resonance frequency, 0.301 
GHz, is illustrated in Fig. 5a. 
The simulated |S11| values as a function of the excitation 
frequency are given in Fig. 5b. As demonstrated by Fig. 5, the 
expected maximum realized gain value of this advanced EEAD 
antenna has been significantly improved. The realized gain is 
expected to be in the order of 0.905 dBi. While it is likely that 
this level of gain may not be achieved due to the complex 
nature of the sewn structures, this antenna topology 
nevertheless should be a significant step forward in  
Cyanate Ester/ Quartz Composite EAD Dipole Structure 
in Aracon Thread 
NFRP Feed Structure 
in Aracon Thread 
RohaCell HF Foam 
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 (a)  
b)  
Fig. 5. Simulated performance characteristics of the advanced NFRP EEAD 
antenna. a) Projected 3D far-field realized gain  pattern at the resonance 
frequency 0.301  GHz, and b) simulated |S11| values as a function of the 
excitation frequency for the NFRP EEAD sewn with copper thread and the 
Shieldex thread 
understanding how to create the best possible embroidered 
ESA antenna structures. 
IV. MANUFACTURING THE EEAD ANTENNA 
 The fabrication of the advanced NFRP EEAD antenna is 
currently taking place. Fig. 6 illustrates the current progress on 
the embroidery of the NFRP EEAD antenna structure into the 
Astro-Quartz fabric. Five layers of Astro-Quartz fabric are first 
stacked together and placed into an embroidery frame. To 
reduce warping within the fabric and to hold the five sheets 
together, a cross-hatched Kevlar pattern is then sewn into the 
Astro-Quartz fabric. Using a bobbin stitching technique the 
conductive fibers are then strapped into place with a virgin 
Kevlar thread. The Kevlar threads are those shown in Fig. 6, 
while the conductive threads are located on the opposite side of 
the fabric. If good performance of the alternative antenna 
topology is measured, it will provide a solid fundamental 
background for developing further and more complex EESAs 
for use as CLAS’s. This may include Huygens source antennas 
or more complex 3D conformal ESA antennas [10-12].  
 Measured results of the alternative EEAD antennas 
structure will be reviewed and discussed in detail during our 
presentation.  
 
Fig. 6. Illustration of the advanced sandwitch panel NFRP EEAD antenna 
being manufactured 
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